INTRODUCTION
Plants rely solely on innate immunity to combat pathogen infections, as they do not have adaptive immune systems like animals (Jones and Dangl, 2006) . There are two types of innate immune responses in plants. One is pathogen-associated molecular pattern (PAMP)-triggered immunity. PAMPs are conserved microbial components that elicit pathogen immune responses when recognized by the host receptors. The second type of innate immunity is effector-triggered immunity, which is evolved by plants to detect pathogen effectors and initiate defense responses to inhibit pathogen growth and restrict pathogen spread.
Two well-studied plant receptors of PAMPs, FLS2 and EFR, are members of the receptor-like kinase (RLK) family (GomezGomez and Boller, 2000; Zipfel et al., 2006) . RLK family is the largest group of protein kinases in plants. A typical RLK contains an extracellular ligand-binding sequence, a transmembrane region, and a C-terminal intracellular protein kinase domain. FLS2 recognizes the peptide flg22 from bacterial flagellin, while EFR recognizes a peptide derived from bacterial translation elongation factor EF-Tu. Recently, FLS2 was found to heterodimerize with brassinosteroid insensitive 1 (BRI1)-associated receptor kinase 1 (BAK1) in the perception of flagellin (Chinchilla et al., 2007; Heese et al., 2007) . bak1 mutant plants exhibited reduced sensitivity to flagellin in growth assays and are impaired in responsiveness to flagellin. BAK1 was originally identified as a BRI1 interactor, and it forms a protein complex with BRI1 during perception of Brassinosteroids (BRs) Nam and Li, 2002) . In addition, BAK1 was also found to negatively regulate a BR-independent cell-death pathway. bak1 mutant plants develop spreading necrosis upon pathogen infections . Double knockout mutant plants of bak1 and bak1-like 1 (bkk1) exhibit a seedling lethality phenotype and constitutive defense responses . BAK1 was also shown to be a target of bacterial effectors AvrPto and AvrPtoB (Shan et al., 2008) .
Effector-triggered immunity is mediated by the host resistance (R) proteins. Recognition of pathogen effectors by R proteins can be either direct or indirect. The guard hypothesis explains the indirect recognition (Van der Biezen and Jones, 1998) , where R proteins bind to host components important for innate immunity. Modifications of these host components by pathogen effectors can be sensed by the R proteins, leading to activation of defense responses.
Most R proteins belong to the NB-LRR (nucleotide-binding site leucine-rich repeats) group, which shares structural similarity to the NOD proteins in animals (Jones and Dangl, 2006) . Downstream of R proteins, NDR1 was shown to be required for the signaling of CC-NB-LRR type of R proteins containing a coiled-coil region at the N terminus (Century et al., 1995) , while EDS1, PAD4, and SAG101 are required for the signaling by the TIR-NB-LRR type R proteins carrying an N-terminal Toll interleukin receptor domain (Aarts et al., 1998; Feys et al., 2005; Glazebrook et al., 1996; Parker et al., 1996) . R protein-mediated resistance is often accompanied by localized cell death, which may play important roles in the restriction of pathogen spread. Since constitutive activation of R proteins is detrimental to plant growth and development (Bendahmane et al., 2002; Mackey et al., 2003; Noutoshi et al., 2005; Shirano et al., 2002; Yang and Hua, 2004; Zhang et al., 2003a) , R protein-mediated signaling pathways must be subject to tight negative regulation to avoid activation of defense responses without pathogen attack.
Here, we report the identification of bir1-1, a mutant that constitutively activates defense responses similar to the autoactivated R gene mutants. BIR1 encodes an RLK interacting with BAK1 in vivo. We carried out a suppressor screen of bir1-1 and found that sobir1-1 (suppressor of bir1-1, 1) strongly suppresses cell death in bir1-1. Combining the sobir1 and pad4-1 mutations leads to suppression of all mutant phenotypes of bir1-1, suggesting that SOBIR1 functions in parallel with PAD4. SOBIR1 encodes an RLK, probably functioning as a key regulator in a signal transduction pathway activated in bir1-1 to promote cell death and disease resistance.
RESULTS

Identification of bir1-1
To identify important regulators of plant innate immunity, we carried out systematic reverse genetics analysis of genes whose transcript levels increased significantly 48 hr after inoculation with the bacterial pathogen Pseudomonas syringae pv. maculicola (P.s.m.) ES4326 (OD 600 = 0.001). From initial analysis of homozygous knockout mutants of 200 genes (Table S1) , one mutant was found to have a seedling lethality phenotype when grown at 22 C ( Figure 1A ), and none of the other T-DNA mutants has similar phenotypes. The mutant contains a T-DNA insertion in the third exon of At5g48380, which encodes an RLK (Figure 1B) . We focused our analysis on this mutant because it has dramatic phenotypes, and At5g48380 encodes an interesting protein most likely functioning in signal transduction. We later named it BAK1-interacting receptor-like kinase 1 (BIR1) due to its association with BAK1. BIR1 belongs to the LRRX group of RLKs ( Figure S1 ) with 620 amino acids and 5 LRRs.
RT-PCR analysis of BIR1 transcript in bir1-1 mutant plants showed that the full-length cDNA of BIR1 was no longer expressed ( Figure S2A ). Real-time RT-PCR analysis confirmed that BIR1 is indeed induced by bacterial infection ( Figure S2B ). To determine whether the mutant phenotypes in bir1-1 are caused by the T-DNA insertion, two additional T-DNA lines (SALK_008775 and WiscDsLox341G08) with insertions in the promoter region of At5g48380 were analyzed. The expression of At5g48380 is not affected by the T-DNA insertions, and no obvious mutant phenotype was observed in these two lines. So we transformed the wild-type BIR1 gene into the bir1-1 mutant to test whether it can complement the mutant phenotypes. As shown in Figure 1A , the wild-type BIR1 reverted bir1-1 completely back to wild-type, confirming that the seedling lethality phenotype was caused by the T-DNA insertion in BIR1. In addition, silencing At5g48380 in wild-type background using artificial miRNA also caused a seedling lethality phenotype (data not shown).
Cell Death and Constitutive Defense Responses in bir1-1 Trypan blue staining was performed on mutant seedlings to test whether cell death occurred in bir1-1. Extensive cell death was found in both cotyledons and true leaves of the mutant plants, particularly along the veins ( Figure S3A ). We also performed 3, 3 0 -diaminobenzidine (DAB) staining on the bir1-1 mutant seedlings. Strong staining was observed in bir1-1 mutant plants ( Figure S3B ), indicating that the mutant seedlings accumulated high levels of H 2 O 2 compared to the wild-type seedlings.
To test whether defense responses were constitutively activated in bir1-1, salicylic acid (SA) levels in bir1-1 and wild-type plants were measured with high-performance liquid chromatography. bir1-1 plants accumulated about 6-fold more free SA and about 20-fold more total SA (free SA plus glucose-conjugated SA) than wild-type controls ( Figure 1C ). In addition, high levels (C) SA accumulation in wild-type and bir1-1 mutant seedlings. Levels of SA were determined as previously described (Li et al., 1999) . Error bars represent SD from four measurements. Plants were grown on soil and sampled 3 weeks after planting.
(D and E) PR-1 and PR-2 expression in wild-type and bir1-1 mutant seedlings. Total RNA was extracted from 2-week-old seedlings grown on 1/2 MS medium at 22 C. Relative levels of PR-1 (D) or PR-2 (E) were determined by real-time PCR using SYBR Green I chemistry as previously described (Zhang et al., 2003a of PR-1 and PR-2 were constitutively expressed in the mutant plants without induction ( Figures 1D and 1E ).
To test whether bir1-1 mutant has enhanced pathogen resistance, bir1-1 seedlings were challenged with the virulent oomycete pathogen Hyaloperonospora parasitica Noco2 (H. p. Noco2). As shown in Figure 1F , bir1-1 seedlings displayed strong enhanced resistance against H. p. Noco2, suggesting that defense responses were constitutively activated in the bir1-1 mutant plants.
Interestingly, the seedling lethality phenotype of bir1-1 can be partially suppressed by growing the plants at high temperatures. bir1-1 plants grown on soil at 28 C remain small, but can complete their life cycle and set seeds. When grown on Murashige and Skoog (MS) medium at 27 C, bir1-1 plants were significantly bigger than those grown at 22 C ( Figure S4A ). Constitutive expression of PR-1 and PR-2 was also reduced at 27 C ( Figures S4B and S4C) .
To test whether all the bir1-1 mutant phenotypes are caused by the T-DNA insertion in BIR1, bir1-1 plants transformed with a genomic clone of BIR1 were further analyzed in regards to its defense phenotypes. The wild-type BIR1 complements the cell death phenotypes of bir1-1 and suppressed the H 2 O 2 accumulation in bir1-1 ( Figure S5A ). The expression of PR-1 and PR-2 in the transgenic plants also reverted to wild-type levels ( Figures  S5B and S5C ). In addition, the transgenic plants are no longer resistant to H. p. Noco2 ( Figure S5D ). Thus, all the mutant phenotypes observed in bir1-1 can be complemented by BIR1.
BIR1 Is an Active Protein Kinase
To test whether BIR1 is an active protein kinase, the BIR1 cytoplasmic kinase domain was expressed in E. coli and tested for autophosphorylation activity. As shown in Figure S6A , the BIR1 kinase domain has autophosphorylation activity, indicating that BIR1 is an active protein kinase. To determine whether the kinase activity is important for its biological function, a mutant form of BIR1 kinase domain was created by mutating a conserved lysine (K331) to a glutamic acid (E331). This amino acid substitution was known to abolish kinase activity of other known RLKs (Horn and Walker, 1994; Li et al., 2002) . The autophosphorylation activity of BIR1 kinase domain is dramatically reduced by the point mutation ( Figure S6A ). The K331E mutation was also introduced into a cDNA clone of BIR1. While wild-type BIR1 cDNA can fully complement the bir1-1 mutant phenotypes, the mutated gene can only partially complement the phenotypes of bir1-1 ( Figure S6B ), suggesting that the kinase activity of BIR1 is important for its function.
BIR1 Interacts with BAK1 on the Plasma Membrane
To determine the localization of the BIR1, Arabidopsis mesophyll protoplasts were transfected with a construct expressing the BIR1-GFP fusion protein under the cauliflower mosaic virus 35S promoter. As shown in Figure 2A , the BIR1-GFP fusion protein was localized to the plasma membrane, suggesting that BIR1 is a plasma membrane protein.
To identify proteins associated with BIR1, we generated transgenic plants expressing BIR1-33FLAG fusion protein under its native promoter in the bir1-1 mutant background. bir1-1 plants expressing the BIR1-33FLAG fusion protein displayed wild-type morphology ( Figure S7A ), suggesting that the fusion protein is as functional as wild-type BIR1. A quantitative proteomics approach was previously used to identify specific components of protein complexes using isotope-coded affinity tag reagents and mass spectrometry (Ranish et al., 2003) . To identify proteins specifically interacting with BIR1, we modified this method by labeling the protein in vivo using 15 N medium (Dong et al., 2007) . The transgenic plants were plated on 1/2 MS plates with 15 N-labeled KNO 3 and NH 4 NO 3 as sole nitrogen source while wild-type control plants were grown on regular 1/2 MS plates with 14 N KNO 3 and NH 4 NO 3 . After the seedlings were harvested, equal amounts of tissue from the transgenic plants and wild-type controls were mixed together for membrane isolation. Total protein from the membrane fraction was incubated with anti-FLAG agarose beads to selectively immunoprecipitate the FLAG-tagged BIR1. Proteins coimmunoprecipitated with BIR1-33FLAG were subsequently analyzed by mass spectrometry.
As shown in Figure S8 , one of the peptides (LADGTLVAVK) identified is enriched in the 15 N fraction, suggesting that it is most likely from proteins specifically coimmunoprecipitated with BIR1-33FLAG. Database search showed that this peptide is present in BAK1 and its close homologs SERK1 and SERK2. Probably due to low abundance of the BAK1 and SERK proteins, this peptide was the only one identified by mass spectrometry from these proteins. We did not find any other RLKs that specifically coimmunoprecipitate with BIR1-33FLAG.
Next, we utilized a bimolecular fluorescence complementation (BiFC) approach (Walter et al., 2004) to test whether interactions between BAK1 and BIR1 can be visualized in vivo. In this experiment, BAK1 was fused to the N-terminal fragment of YFP (BAK1-YFP N ) while BIR1 was fused to the C-terminal fragment of YFP
. If BAK1 and BIR1 associate with each other, a fluorescent YFP complex would be formed. As shown in Figure 2B (top panel), YFP fluorescence was observed on the plasma membrane of Arabidopsis protoplasts cotransformed with the BAK1-YFP N and BIR1-YFP C constructs, suggesting that BAK1
and BIR1 interact with each other. We further tested the interactions between BIR1 and the BAK1 homologs, including BKK1, SERK1, and SERK2, using BiFC and found that BIR1 also interacts with these proteins on the plasma membrane. When the BIR1-YFP C construct was cotransformed with BRI1-YFP N , FLS2-YFP N , or CLV1-YFP N constructs, no YFP fluorescence was observed, suggesting that BIR1 does not interact with other RLKs like BRI1, FLS2, or CLV1. This is consistent with our observation that flg22-mediated growth inhibitions were not affected by the bir1-1 mutation ( Figure S9A ). bak1 and other BR mutants often have shorter hypocotyls when grown in the dark. Unlike the bak1-4 seedlings, elongation of hypocotyls in bir1-1 pad4-1 is similar to that in wild-type plants ( Figure S9B ).
Since cell death and defense responses were activated in both bir1-1 and bak1 bkk1 mutant plants and RLKs often function through heterodimerization, additional co-IP analysis was carried out to confirm the in vivo interactions between BIR1 and BAK1. First, a construct expressing BAK1-33FLAG protein in pCambia1305 under its native promoter was transformed into plants homozygous for bkk1 and heterozygous for bak1. bak1 bkk1 homozygous plants carrying the transgene were identified in the T2 generation, and they were found to exhibit wild-type morphology, suggesting that the 33FLAG tags did not affect BAK1 function. Co-IP using anti-FLAG agarose beads was subsequently performed on total membrane proteins of these transgenic plants expressing the BAK1-33FLAG fusion protein.
As shown in Figure 2C , BIR1 coimmunoprecipitated with 33FLAG-tagged BAK1, indicating that BIR1 and BAK1 interact in vivo. As a negative control, immunoprecipitated proteins were also probed with an anti-FLS2 antibody, and no FLS2 was detected in the immunoprecipitated proteins (data not shown).
We also performed co-IP analysis using Arabidopsis protoplasts cotransformed with epitope-tagged BIR1 and BAK1. As BIR1 proteins with C-terminal 33FLAG tags or GFP tag can complement the bir1-1 mutant phenotypes ( Figure S7 ), the tags were fused to the C terminus of BIR1. When total protein from Arabidopsis protoplasts cotransfected with constructs expressing HA-tagged BIR1 and FLAG-tagged BAK1 proteins was incubated with anti-HA Sepharose beads to selectively immunoprecipitate the HA-tagged BIR1, BAK1 coimmunoprecipitated with HA-tagged BIR1, while BAK1 was not immunoprecipitated by itself ( Figure 2D ). The total protein from protoplasts cotransfected with the constructs expressing HA-tagged BIR1 and FLAG-tagged BAK1 protein was also incubated with anti-FLAG beads to immunoprecipitate the FLAG-tagged BAK1. As shown in Figure 2E , BIR1 coimmunoprecipitated with FLAG-tagged BAK1 while BIR1 was not immunoprecipitated by itself, further confirming that BIR1 and BAK1 interact in vivo.
Activation of Cell Death and Defense Responses in bir1-1 Is Partially Dependent on PAD4 and EDS1 To test whether R protein-mediated resistance responses are activated in the bir1-1 mutant, bir1-1 was crossed to mutants carrying mutations in positive regulators of R protein-mediated defense, including ndr1-1, eds1-1, and pad4-1. As shown in Figure 3A , bir1-1 pad4-1 and bir1-1 eds1-1 double mutant plants are much bigger than the bir1-1 single mutant plants, indicating that bir1-1 activates the EDS1 and PAD4-dependent resistance pathway. Interestingly, the bir1-1 ndr1-1 double mutant is also bigger than the bir1-1 single mutant ( Figure 3A) , indicating that the NDR1-dependent resistance pathway may also be activated in the bir1-1 mutant. The effect of eds1-1, pad4-1, and ndr1-1 on the size of bir1-1 was confirmed by determining the plant biomass of bir1-1 single mutant and the double mutants ( Figure S10A ). Although these double mutants are bigger than bir1-1, they still cannot grow to maturity and set seeds at 22 C. To determine whether cell death in bir1-1 is dependent on NDR1, EDS1, and PAD4, trypan blue staining was performed on the double mutants. As shown in Figure 3B (upper panel), the double mutants have significantly less cell death compared to the bir1-1 single mutant. In addition, accumulation of H 2 O 2 is reduced in the double mutants ( Figure 3B, lower panel) . Constitutive expression of PR-1 and PR-2 in bir1-1 was also reduced by mutations in PAD4, EDS1, and NDR1 to different degrees ( Figures 3C and 3D ). Analysis of resistance to H. p. Noco2 in the double mutants indicates that constitutive resistance to H. p. Noco2 in bir1-1 was partially compromised by mutations in PAD4 and EDS1 but not by the mutation in NDR1 ( Figure 3E ). We conclude that knocking out BIR1 results in activation of multiple resistance pathways that are also activated during R protein-mediated resistance.
Cell Death and Constitutive PR Gene Expression in bir1-1 Are Partially Due to Increased Endogenous SA Levels SA is an important signal molecule downstream of R proteinmediated resistance responses and mutations in EDS5, and SID2 blocks pathogen-induced SA biosynthesis (Nawrath and Mé traux, 1999; Wildermuth et al., 2001) . NPR1 is an essential positive regulator downstream of SA (Durrant and Dong, 2004) . To test whether the bir1-1 mutant phenotypes are dependent on the SA pathway, bir1-1 was crossed with eds5-3, sid2-1, and npr1-3. Both eds5-3 and sid2-1 can partially rescue the bir1-1 mutant phenotypes ( Figure S11A ), suggesting that high levels of SA are partly responsible for the bir1-1 mutant phenotype. The effect of eds5-3, sid2-1, and npr1-3 on the size of bir1-1 was confirmed by determining the plant biomass of bir1-1 and the double mutants ( Figure S10B ). In addition, cell death in bir1-1 is partially blocked by the eds5-3, sid2-1, and npr1-3 mutations ( Figure S11B ). Accumulation of H 2 O 2 is also reduced in the double mutants ( Figure S11B ). Analysis of PR gene expression in the double mutant plants showed that constitutive expression of PR-1 in bir1-1 was dramatically reduced by mutations in SID2, EDS5, and NPR1 ( Figures S11C and S11E ), but the expression of PR-2 was not affected by these mutations ( Figures  S11D and S11F ). When the double mutant plants were tested for resistance to H. p. Noco2, no significant difference was observed between bir1-1 and the double mutants ( Figure S11G ). 
Cell Host & Microbe
Cell Death Regulation by Receptor-like Kinases Suarez-Rodriguez et al., 2007) . The mpk4 single mutants and mkk1 mkk2 double mutants were also shown to exhibit temperature-dependent cell death and constitutive activation of defense responses (Gao et al., 2008; Petersen et al., 2000; Qiu et al., 2008) . It was suggested that MEKK1, MKK1/MKK2, and MPK4 form a MAP kinase cascade to negatively regulate R protein-mediated resistance pathways. To test whether BIR1 is required for the activation of MPK4 in response to flg22, we analyzed the kinase activity of MPK4 from wild-type and bir1-1 plants grown at 22 C. Myelin-basic protein was used as substrate for the assay. As shown in Figure 4A , treatment with flg22 resulted in quick activation of MPK4 in wild-type plants but not in the bir1-1 mutant, suggesting that activation of MPK4 by flg22 is inhibited in the bir1-1 mutant. In contrast, both MPK3 and MPK6 are still activated in the bir1-1 mutant ( Figure 4B ). We further tested the activation of MPK4 in plants grown at 27 C. Interestingly, activation of MPK4 by flg22 is restored in bir1-1 plants at 27 C ( Figure 4C ), suggesting that inhibition of MPK4 activation in bir1-1 is temperature dependent.
Identification of a Suppressor of bir1-1
To identify additional components required for cell-death and resistance pathways activated in bir1-1, we performed a genetic screen to find mutations that suppress the seedling lethality phenotype of bir1-1. Mutants that can grow to maturity and set seeds at 22 C were identified in the M2 population of ethyl methanesulphonate (EMS)-mutagenized bir1-1 pad4-1 double mutant. A total of 30 mutants were identified as sobir (suppressor of bir1-1) mutants. sobir1-1 is one of the most complete suppressors and was analyzed in detail. sobir1-1 bir1-1 pad4-1 mutant plants displayed wild-type morphology ( Figure 5A) . Enhanced resistance to H. p. Noco2 in bir1-1 pad4-1 was also blocked by the sobir1-1 mutation ( Figure S12 ).
SOBIR1 Encodes an RLK
To map the sobir1-1 mutation, sobir1-1 bir1-1 pad4-1 (in the Columbia ecotype background) was crossed with Landsberg plants to generate a segregating F2 population. Crude mapping showed that the sobir1-1 mutation is in a region between marker T16B12 and F4P9 on chromosome 2. Further fine mapping narrowed the sobir1-1 mutation to a region of about 130 kb between markers F20M17 and F22D22 ( Figure 5B ). To identify the molecular lesion in sobir1-1, a set of PCR fragments covering the region were amplified from sobir1-1 bir1-1 pad4-1 and sequenced. Comparing the sequences from the mutant with the Arabidopsis genome sequence revealed a single C to T mutation in At2g31880. This mutation introduces an early stop codon in the protein. Blast analysis shows that At2g31880 encodes an RLK with four extracellular LRRs and a cytoplasmic kinase domain, suggesting that it could be involved in signal perception and transduction ( Figure 5C ). A phylogenetic tree including FLS2, BAK1, BIR1, and this protein is shown in Figure S1 . The 3 0 UTR of At2g31880 (also named SRRLK [small RNA-generating RLK]) was previously shown to be involved in the generation of natural antisense transcript-associated siRNAs (Katiyar-Agarwal et al., 2007) .
To determine whether the other sobir mutants also contain mutations in At2g31880, DNA of At2g31880 was amplified from the other 29 mutants by PCR and sequenced. Ten additional sobir1 mutants were found to contain mutations in At2g31880 (Figures 5D and S13) . Five of these mutants (from sobir1-1 to sobir1-5 in the bir1-1 pad4-1 mutant background) were crossed with sobir1-1 bir1-1 pad4-1 to test whether they are allelic to sobir1-1. No cell death was observed in the F1 plants, and all F1 plants grew to maturity and set seeds. These data suggest that SOBIR1 is At2g31880.
SOBIR1 Suppresses Cell Death and Defense Responses in bir1-1
To determine whether sobir1-1 can suppress the bir1-1 mutant phenotypes without the presence of pad4-1, the sobir1-1 bir1-1 pad4-1 triple mutant was crossed with wild-type Columbia, and the sobir1-1 bir1-1 double mutant was identified from the F2 progeny. Unlike bir1-1 mutant plants, the sobir1-1 bir1-1 double mutant can grow to maturity and set seeds at 22 C. As shown in Figure 6A , the sobir1-1 bir1-1 double mutant is much bigger than the bir1-1 single mutant, but smaller than the wild-type plants, suggesting that sobir1-1 and pad4-1 have additive effects on suppression of the bir1-1 morphology. To determine whether 
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Cell Death Regulation by Receptor-like Kinases cell death was blocked in the sobir1-1 bir1-1 double mutant, trypan blue staining was performed on the mutant seedlings. As shown in Figure 6B , cell death in bir1-1 was blocked by the sobir1-1 mutation. In addition, H 2 O 2 accumulation in bir1-1 is (B) Trypan blue staining (top panel) and DAB staining (lower panel) of wild-type, bir1-1, and sobir1-1 bir1-1 mutant seedlings. Whole seedlings were stained with trypan blue or DAB as described (Parker et al., 1996; Thordal-Christensen et al., 1997) . Plants were grown at 22 C for 2 weeks on 1/2 MS plates. partially affected by the sobir1-1 mutation ( Figure 6B ). Expression of both PR-1 and PR-2 in bir1-1 is also significantly reduced by the sobir1-1 mutation ( Figures 6C and 6D ).
To test whether SOBIR1 is required for basal resistance, a knockout mutant of SOBIR1 (sobir1-12) was challenged with Pseudomonas syringae pv. tomato (P.s.t.) DC3000. As shown in Figure 6E , sobir1-12 did not exhibit enhanced susceptibility to P.s.t. DC3000. Similarly, resistance to P.s.t. DC3000 carrying AvrRPS4 or AvrRPT2 was not affected in the mutant either ( Figures 6F and 6G) , suggesting that SOBIR1 functions as a specific regulator of resistance activated by the bir1 mutation.
As BIR1 interacts with BAK1 and SOBIR1 encodes an RLK with similar structure as BAK1, we tested whether responses to flg22 are affected in the sobir1 single mutants. As shown in Figure S14 , the sobir1 mutant plants displayed similar responses to flg22 as wild-type plants, suggesting that SOBIR1 is not required for flg22-mediated resistance responses. We also tested whether SOBIR1 interacts with BIR1 using BiFC analysis. No interaction was found between SOBIR1 and BIR1 (Figure S15 ). In addition, SOBIR1 and BIR1 did not interact with each other in yeast two-hybrid analysis (data not shown).
Overexpression of SOBIR1 Activates Cell Death and Defense Responses
Since loss of SOBIR1 function suppresses cell death in bir1-1, SOBIR1 could be a positive regulator of cell death and innate immunity. To determine whether overexpression of SOBIR1 activates defense responses, transgenic plants expressing SOBIR1 under cauliflower mosaic virus 35S promoter were generated. Two representative lines, one with relatively low level of SOBIR1 expression and one with high level of SOBIR1 expression, were analyzed in detail. As shown in Figure 7A , SOBIR1 expression is about 5-fold higher in line #1 and 70-fold higher in line #2 Cotyledons were stained with trypan blue or DAB as described (Parker et al., 1996; ThordalChristensen et al., 1997) compared to the wild-type. The cotyledons of line #2 but not line #1 die after germination. Trypan blue staining showed that cell death occurred in the cotyledon of line #2, but not in line #1 and the wild-type plants ( Figure 7B ), suggesting that overexpression of SOBIR1 leads to activation of cell death. At 22 C, plants from line #2 overexpressing SOBIR1 die when they are about 5-6 weeks old. The cell death in line #2 can be partially suppressed by high temperatures, and plants grown at 28 C can set seeds. As shown in Figures 7C and 7D , both PR-1 and PR-2 are constitutively upregulated in line #2 compared to the wild-type plants. Line #2 also displayed enhanced resistance to P.s.t. DC3000 ( Figure 7E ), suggesting that overexpression of SOBIR1 leads to constitutive activation of pathogen-resistance responses.
DISCUSSION
Activation of R proteins after recognition of effector signals from pathogens often leads to localized cell death. Because constitutive activation of R proteins is detrimental to plants, R proteinmediated signaling pathways must be under tight control. However, it is unclear how the negative regulation is executed. The cell-death phenotype and constitutive activation of defense responses in the bir1-1 mutant resemble what occurs with constitutive R protein activation. The cell-death phenotype in bir1-1 is partially dependent on PAD4 and EDS1, proteins required for the functions of many TIR-NB-LRR type of R proteins, suggesting that knocking out BIR1 activates resistance pathways that are also activated during R protein-mediated resistance. BIR1 may be involved in preventing activation of R protein-mediated resistance when there is no effector activity present. Higher temperatures can often suppress cell death caused by R protein activation (Whitham et al., 1994; Yang and Hua, 2004) . Consistent with this hypothesis, cell death in bir1-1 can also be partially suppressed by higher temperatures.
We found that BAK1 associates with BIR1 in vivo, suggesting that BAK1 works together with BIR1 to negatively regulate cell death and defense responses. In Arabidopsis, BAK1 is involved in the perception of multiple signals. BAK1 participates in the perception of BRs through association with BRI1 Nam and Li, 2002) . At the same time, BAK1 associates with FLS2 and is required for the perception of bacterial flagellin and PAMP-mediated activation of innate immune responses (Chinchilla et al., 2007; Heese et al., 2007) . Unlike FLS2 and BRI1, which contain long extracellular LRR repeats, BIR1 has only five LRRs. It is unclear whether the BIR1 and BAK1 complex functions in signal perception. If it is involved in the perception of an unknown signal, the signal is most likely endogenous, since cell death occurs in bir1-1 and bak1 bkk1-1 mutants even under sterile conditions.
On one hand, BAK1 functions as a positive regulator of PAMPinduced immunity. On the other hand, BAK1 serves as a negative regulator of R protein-mediated immunity. Our data suggest that BAK1 may be a general coreceptor for multiple RLKs that function in different biological processes. The specificity of BAK1 in these processes is determined by the RLKs BAK1 interacts with. The positive role of BAK1 in flagellin-induced immunity is accomplished by its association with FLS2, while the negative regulation of R protein-mediated resistance is carried out by its association with BIR1. One possibility is that the BAK1 and BIR1 complex is the guardee of one or more R proteins. Loss of the BAK1 or BIR1 function triggers the activation of these R proteins.
To elucidate the resistance pathways activated in the bir1-1 mutant, a suppressor screen of bir1-1 was performed. One of the mutants, sobir1-1, was found to suppress the seedling lethality phenotype of bir1-1. While sobir1-1 suppresses cell death in bir1-1, overexpression of SOBIR1 leads to activation of cell death, indicating that SOBIR1 is a critical positive regulator of cell death. Combining the sobir1-1 and pad4-1 mutations results in complete suppression of cell death, H 2 O 2 accumulation, PR gene expression, and pathogen resistance in bir1-1, suggesting that SOBIR1 functions in parallel with PAD4 to regulate cell death and defense responses. Interestingly, SOBIR1 encodes another RLK, suggesting that there is a SOBIR1-dependent signal transduction pathway activated in bir1-1 to promote cell death and disease resistance.
To explain the BIR1-mediated negative regulation of resistance responses, a simple working model is proposed in Figure S16 . When plants are not attacked by pathogens, BIR1 or the BIR1 and BAK1/SERKs protein complex is guarded by two or multiple hypothetical R proteins. Loss of the function of BIR1 leads to activation of these R proteins. The first R protein is in the TIR-NB-LRR class that activates the PAD4-dependent resistance pathway. The second R protein probably belongs to a different class that activates the SOBIR1-dependent resistance pathway. Blocking the PAD4 and SOBIR1-dependent resistance pathways together reverts the bir1-1 mutant back to wild-type. Future characterization of the other sobir mutants and cloning of the mutant genes will help us better understand how the SOBIR1-dependent resistance pathway is regulated. 
Plasmid Construction and Arabidopsis Transformation
For complementation analysis, a 4.6 kb genomic DNA fragment containing BIR1 was amplified by PCR using primers BIR1-GF and BIR1-GR and cloned into binary vector pCAMBIA1300 to create pCAMBIA1300-BIR1g. A similar genomic DNA fragment lacking the stop codon and 3 0 -UTR region was amplified by PCR using primers BIR1-GF and BIR1-FLAG-R and cloned into a modified pCAMBIA1305 vector with a 33FLAG tag to obtain pCAMBIA1305-BIR1-33FLAG for expressing the BIR1 33FLAG-tag fusion protein under its native promoter. To confirm that the phenotypes observed in bir1-1 were caused by mutation in BIR1, pCAMBIA1300-BIR1g and pCAMBIA1305-BIR1-33FLAG were transformed into Agrobacterium and subsequently into the BIR1/bir1-1 heterozygous plants by floral dipping (Clough and Bent, 1998) . Homozygous bir1-1 plants carrying the transgene were identified in the T2 generation with Hygromycin selection and PCR. For BiFC study, the BIR1, BAK1, BKK1, SERK1, SERK2, BRI1, and CLV1 cDNA were amplified by RT-PCR from wild-type Columbia. BIR1 was cloned into pUC-SPYCE to obtain pBIR1-YCE using primers BIR1-YCE-F and BIR1-FLAG-R. BAK1, BKK1, SERK1, and SERK2 were cloned into pUC-SPYNE to obtain pBAK1-YNE, pBKK1-YNE, pSERK1-YNE, and pSERK2-YNE using primers BAK1-YNE-F, BAK1-YNE-R, BKK1-YNE-F, BKK1-YNE-R, SERK1-YNE-F, SERK1-YNE-R, SERK2-YNE-F, and SERK2-YNE-R. BRI1 and CLV1 were also cloned into pUC-SPYNE to obtain pBRI1-YNE and pCLV1-YNE using primers BRI1-F, BRI1-R, CLV1-F, and CLV1-R. pFLS2-YNE was kindly provided by Dr. Zhou Jianmin.
The BIR1 and BAK1 cDNA were also amplified for making constructs for co-IP analysis. BIR1 was cloned into pUC-3xHA with 35S promoter to create pBIR1-3HA using primers BIR1-A and BIR1-FLAG-R. BAK1 was cloned to pUC-33FLAG with 35S promoter to obtain pBAK1-33FLAG using primers BAK1-A and BAK1-B. For localization analysis, BIR1 cDNA was amplified by PCR using primers BIR1-GFP-A and BIR1-FLAG-R and cloned into pCAM-BIA1300-35S-GFP to obtain p35S-BIR1-GFP. For overexpression of SOBIR1, the SOBIR1 cDNA was amplified by PCR and cloned into a modified pCAM-BIA1300 vector with 35S promoter to obtain p35S-SOBIR1. Sequences of primers used are listed in Table S2 . All constructs were confirmed by sequencing. , and various control proteins were cotransfected into Arabidopsis mesophyll protoplasts according to a previously described protocol (Sheen, 2001) . YFP fluorescence was observed by confocal microscopy.
Localization and BiFC Analysis
Co-IP Analysis
For co-IP analysis of interactions between BIR1 and BAK1, Arabidopsis mesophyll protoplasts or membrane fractions of plant seedlings were extracted in extraction buffer (50 mM HEPES-KOH [pH 7.4], 150 mM NaCl, 5 mM NaF, 1 mM Na 3 VO 4 , 0.5% Triton X-100, 0.5 mM DTT, 1 mM PMSF, 13 PI cocktail). After centrifugation at 13,000 rpm for 15 min, anti-HA antibody (Roche) or anti-FLAG antibody (Sigma) was added to the supernatant and incubated for 1 hr at 4 C. Twenty microliters of protein A Sepharose beads (Sigma) were subsequently added and incubated for another 3 hr at 4 C. After washing the beads eight times with extraction buffer, immunoprecipitates were analyzed by western blot analyses. The polyclonal anti-BIR1 antibody was generated in rabbit using a fragment of the BIR1 kinase domain-expressed E. coli. The antibody detects a protein about 80 kDa specifically present in wild-type plants.
Mutant Screen and Characterization
Seeds of bir1-1 pad4-1 were obtained by growing the plants at 28 C and mutagenized with EMS. About 12,000 M2 plants were screened to identify mutants that can grow to maturity and set seeds at 22 C. The sobir1-1 bir1-1 pad4-1 mutant was backcrossed with wild-type Columbia. The sobir1-1 single mutant and the sobir1-1 bir1-1 double mutant were identified among the F2 progeny by PCR genotyping. Expression of PR genes was analyzed as previously described (Zhang et al., 2003b) . Trypan blue and DAB staining were performed on 2-week-old seedlings grown on 1/2 MS medium according to previously described procedures (Parker et al., 1996; Thordal-Christensen et al., 1997) .
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